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0HFKDQLFV ))0FULWHULRQEDVHGRQ WKHFRQWHPSRUDQHRXV IXOILOPHQWRID VWUHVV UHTXLUHPHQWDQG WKHHQHUJ\EDODQFHKDVEHHQ
SURSRVHGLQWKHOLWHUDWXUH7KLVFRXSOHGDSSURDFKLVKHUHUHILQHGDQGDSSOLHGWRLQYHVWLJDWHEULWWOHIUDFWXUHLQURXQGHG9QRWFKHG
VDPSOHV XQGHUPRGH , ORDGLQJ 7KH IDLOXUH ))0 FRQGLWLRQ LV H[SUHVVHG E\ D V\VWHP RI WZR HTXDWLRQV LQ WZR XQNQRZQV WKH
FULWLFDOFUDFNDGYDQFHDQGWKHDSSDUHQWJHQHUDOL]HGIUDFWXUHWRXJKQHVVLHWKHIDLOXUHORDG7KHUHILQHGFULWHULRQLVYDOLGDWHGE\







URXQGHG9QRWFKHV LQ WKH IUDPHZRUN RI WKH 7KHRU\ RI &ULWLFDO'LVWDQFHV >@ 7KHPDLQ LGHD WKHVH FULWHULD DUH
EDVHGRQLVWKDWIDLOXUHWDNHVSODFHZKHQHLWKHUDVWUHVVEDVHGTXDQWLW\RUDQHQHUJ\UHODWHGFKDUDFWHULVWLFDWDILQLWH
GLVWDQFHIURPWKHQRWFKWLSUHDFKHVDFULWLFDOYDOXHVXFKDGLVWDQFHUHVXOWVWREHDPDWHULDOFRQVWDQW
,I WKH VWUHVV DQG HQHUJ\ FRQGLWLRQV DUH FRXSOHG RQH WR HDFK RWKHU DV LW KDSSHQV IRU ))0 FULWHULD >@ WKH





© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Gruppo Italiano Frattura (IGF)
297 Alberto Sapora et al. /  Procedia Engineering  109 ( 2015 )  296 – 302 
LQFRQVLVWHQFLHVUHODWHGWRFULWHULDEDVHGHLWKHURQVWUHVVRURQHQHUJ\UHTXLUHPHQWV>@
,QDQDFFXUDWHH[SUHVVLRQIRUWKHVWUHVVILHOGDORQJWKHEOXQWQRWFKELVHFWRUZDVGHYHORSHG>@WKXVWKH
DERYHUHIHUUHGVWUHVVFRQGLWLRQFDQEHHDVLO\FRPSXWHG:KDWDOORZV WRGHYHORSVWUHVVEDVHGFULWHULD >@ LQDQ
DOPRVWDQDO\WLFDOZD\2Q WKHFRQWUDU\DV LW UHJDUGV WKHHQHUJ\EDODQFH WKH UHODWLRQVKLSVSURSRVHGIRU WKH VWUHVV
LQWHQVLW\IDFWRU6,)UHODWHGWRDFUDFNVWHPPLQJIURPDEOXQW9QRWFKWLSSURYLGLQJWKHFUDFNGULYLQJIRUFHDUH
XVXDOO\ DSSUR[LPDWHG $OWKRXJK FORVHGIRUP VROXWLRQV FDQ EH REWDLQHG WKH UHVXOWV DUH DIIHFWHG E\ VRPH QRWFK
DPSOLWXGH GHSHQGLQJ HUURUV WKH HQWLW\ RIZKLFK KDV WR EH GLVFXVVHG FDVHE\FDVH >@ $Q DOWHUQDWLYHZD\PD\
FRQVLVW LQ SURFHHGLQJ QXPHULFDOO\ YLD D VSHFLILF ILQLWH HOHPHQW DQDO\VLV >@2I FRXUVH WKLV LPSOLHV DPRUH
ODERULRXVFRPSXWDWLRQVLQFHLWLVQHFHVVDU\WRFDUU\RXWDGLIIHUHQWVLPXODWLRQIRUHDFKGDWDVHW
$V LWFRQFHUQVDSSUR[LPDWLQJ IXQFWLRQVIRU WKH6,)RIDFUDFNVWHPPLQJIURPDEOXQW9QRWFK OHWXVPHQWLRQ
/XNDV¶VIRUPXOD>@ZKLFKSURYLGHVDQDSSUR[LPDWLQJIXQFWLRQIRUWKH6,)RIDFUDFNHPDQDWLQJIURPDQHOOLSWLFDO
KROHGHVSLWH LWV UDQJHRIYDOLGLW\EHLQJYHU\ OLPLWHG1RWH WKDWD8QRWFKFDQEHFRQVLGHUHGDVD OLPLWFDVHRIDQ
HOOLSWLFDO KROH VHH DOVR >@  ZKHQ WKH PLQRU D[LV WR PDMRU D[LV OHQJWK UDWLR WHQGV WR ]HUR $Q DQDO\WLFDO
UHODWLRQVKLS IRU WKH 6,) UHODWHG WR D URXQGHG WLS 9QRWFK ZDV SURSRVHG WR VDWLVI\ WKH DV\PSWRWLF OLPLWV RI YHU\










UDGLXV DV ZHOO DV RQ WKHPDWHULDO SURSHUWLHV  'LPHQVLRQOHVV UHVXOWVZLOO EH SUHVHQWHG KHUHE\ WRJHWKHU ZLWK WKH
FRPSDULVRQZLWKH[SHULPHQWDOGDWD>@
7KH QRYHOWLHV RI WKH SUHVHQW ZRUN ZLWK UHVSHFW WR WKH SDVW RQHV >@ DUH VXEVWDQWLDOO\ WZR L D ))0
LPSOHPHQWDWLRQYLDWKHUHODWLRQVKLSSURSRVHGLQ>@ZKDWDOORZVWRLPSURYHWKHSUHGLFWLRQDFFXUDF\HVSHFLDOO\RQ
VDPSOHVZLWKVPDOOQRWFKDPSOLWXGHVDVZHOODVWRGHYHORSDXQLILHG))0DSSURDFKLQWKHIUDPHZRUNRIEOXQW9
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IRU EULWWOH VWUXFWXUDO EHKDYLRXU ))0 FDQ EH LPSOHPHQWHG E\ LQVHUWLQJ (TV  DQG  LQWR V\VWHP  DQG
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3.1. Comparison with experimental data 
/HWXVQRZFRPSDUH))0SUHGLFWLRQVZLWKH[SHULPHQWDOGDWDDYDLODEOHLQWKHOLWHUDWXUH
7KHILUVWO\FRQVLGHUHGGDWDVHWUHIHUVWRWKUHHSRLQWEHQGLQJWHVWVRQVLQJOHHGJH8QRWFKHGVSHFLPHQVPDGHRI
DOXPLQD>@7KHPDWHULDOSURSHUWLHVDUH  03D P DQG  03DIc uK V  FRUUHVSRQGLQJWRlFKaPP
))0SUHGLFWLRQV LQ WHUPVRI WKH DSSDUHQW IUDFWXUH WRXJKQHVV U VIc IcK K
U  DUHSORWWHG LQ)LJ  VKRZLQJDYHU\





7KH PHDVXUHG $,6,  VWHHO SURSHUWLHV ZHUH  03D P DQG  03DIc uK V  LQ >@ UHVXOWLQJ LQ
lchaPPDQG  03D P DQG  03DIc uK V  LQ>@FRUUHVSRQGLQJWRlchaPPUHVSHFWLYHO\
7KHPDWHULDO LV RI FRXUVH OHVV EULWWOH WKDQ FRPPRQFHUDPLFPDWHULDOV XVXDOO\ WHVWHG WR LQYHVWLJDWHEOXQW9QRWFK
EULWWOHIUDFWXUH,QGHHGLWKDVEHHQVKRZQWKDWVRPHFULWHULDEDVHGRQDFULWLFDOGLVWDQFHZRUNUDWKHUZHOOHYHQIRU
GXFWLOH PHWDOOLF PDWHULDOV ZKHQ WKH ILQDO UXSWXUH LV SUHFHGHG E\ ODUJHVFDOH SODVWLF GHIRUPDWLRQV >@ ))0
WKHRUHWLFDOSUHGLFWLRQVDQGH[SHULPHQWDOGDWDDUHGHSLFWHGLQ)LJSUHGLFWLRQVDUHUHDVRQDEOHH[FHSWIRUWKHODUJHVW
URRW UDGLL  U  PP ZKHUH WKH SHUFHQW GHYLDWLRQ JURZV XS WR QHDUO\  IRUU   PP >@ %HLQJ
SRVVLEOH WRH[FOXGHDFKDQJHLQ WKHIUDFWXUHPHFKDQLVPWRDPRUHGXFWLOHRQH>@ LWKDV WREHFRQFOXGHGWKDW LQ
WKHVHFDVHV WKH UDGLXV LVQRWQHJOLJLEOHZLWK UHVSHFW WR WKHQRWFKGHSWK a  PPKLJKHURUGHU WHUPVVKRXOGEH
WDNHQLQWRDFFRXQWLQWKHDV\PSWRWLFH[SDQVLRQVDQG
/DVWO\WRIDFHFDVHVZKHUHZ!WKHURXQGHGWLSVHPLFLUFXODUEHQGVSHFLPHQVWHVWHGLQ>@ZHUHFRQVLGHUHG




DVVXPH 03DuV  WKLVYDOXHEHLQJILWWHGRQ))0SUHGLFWLRQV$VDUHVXOWZHKDYHlchaPP5HVXOWVDUH



















VWHPPLQJ IURP D URXQG 9QRWFK SURSRVHG LQ >@ DOORZHG WR LPSURYH HVWLPDWH DFFXUDF\ ,QGHHG WKHRUHWLFDO























>@ $&DUSLQWHUL 3&RUQHWWL$6DSRUD$ ILQLWH IUDFWXUHPHFKDQLFV DSSURDFK WR WKH DV\PSWRWLFEHKDYLRURI8QRWFKHG VWUXFWXUHV)DWLJXH
)UDFW(QJ0DWHU6WUXFW±

















>@ $ &DUSLQWHUL 3 &RUQHWWL 1 3XJQR $ 6DSRUD ' 7D\ORU *HQHUDOL]HG IUDFWXUH WRXJKQHVV IRU VSHFLPHQV ZLWK UHHQWUDQW FRUQHUV
H[SHULPHQWVYVWKHRUHWLFDOSUHGLFWLRQV6WUXFW(QJ0HFK±
>@ 52 5LWFKLH % )UDQFLV :/ 6HUYHU (YDOXDWLRQ RI WRXJKQHVV LQ $,6,  DOOR\ VWHHO DXVWHQLWL]HG DW ORZ DQG KLJK WHPSHUDWXUHV
0HWDOOXUJLFDO7UDQVDFWLRQV$
>@ / 6XVPHO ' 7D\ORU 2Q WKH XVH RI WKH 7KHRU\ RI &ULWLFDO 'LVWDQFHV WR SUHGLFW VWDWLF IDLOXUHV LQ GXFWLOH PHWDOOLF PDWHULDOV FRQWDLQLQJ
GLIIHUHQWJHRPHWULFDOIHDWXUHV(QJ)UDFW0HFK
>@ ')LUUDR-$%HJOH\%'H%HQHGHWWL55REHUWL*6LOYD)UDFWXUH LQLWLDWLRQDQGSURSDJDWLRQDW WKHURRWRI WKHQRWFKLQDVTXHQFKHG
$,6,VWHHO&KDUS\W\SHEDUVZLWKYDU\LQJQRWFKURRWUDGLL6FULSWD0HW
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